In ongoing studies on the role of the individual bromine atoms of 4,5,6,7-tetrabromobenzotriazole (TBBt) in its relatively selective inhibition of protein kinase CK2α, we have prepared all the possible two mono-, four di-, and two tri-bromobenzotriazoles, and determined their physico-chemical properties in aqueous medium. They exhibited a general trend of a decrease in solubility with an increase in the number of bromines on the benzene ring, significantly modulated by the pattern of substitution. For a given number of attached bromines, this was directly related to the electronic effects resulting from different sites of substitution, leading to marked variations of pK a values for dissociation of the triazole proton. Experimental data (pK a , solubility) and ab initio calculations demonstrated that hydration of halogenated benzotriazoles is driven by a subtle balance of hydrophobic and polar interactions. The combination of QM-derived free energies for solvation and proton dissociations was found to be a reasonably good predictor of inhibitory activity of halogenated benzotriazoles vs. CK2α. Since the pattern of halogenation of the benzene ring of benzotriazole has also been shown to be one of the determinants of inhibitory potency vs. some viruses and viral enzymes, the present comprehensive description of their physico-chemical properties should prove helpful in efforts to elucidate reaction mechanisms, including possible halogen bonding, and the search for more selective and potent inhibitors.
INTRODUCTION
The steadily increasing number of protein structures accessible in the PDB (~75,000) includes over 50,000 with bound ligands, thus providing a unique source of information on modes of interaction between proteins and their ligands. The initial pattern of such interactions, e.g. electrostatic, van der Waals (vdW) and hydrogen bonding, continues to be extended, e.g. to a C-H group functioning as a hydrogen bond donor, and a π-electron system as a hydrogen bond acceptor.
The past decade has witnessed identification of many specific interactions between halogen atoms (Cl, Br, I) of halogenated ligands and the electron pairs of oxygen/nitrogen/sulfur. These interactions, analogous to that of a hydrogen bond, and now commonly referred to as halogen bonds, have been identified in many crystal structures of supramolecular ensembles, as well as in complexes between biomolecules and halogenated ligands. In both cases this is based in part on the observation that the distance between a halogen atom and its electron-donating partner is significantly lower than the sum of their vdW radii.
Bearing in mind that some natural, and an increasing number of synthetic, drug candidates are halogenated, [1] [2] [3] understanding the nature and thermodynamics of halogen bonding should contribute to rational drug design. 4 Halogenated compounds comprise a significant part of current screening libraries, and almost 20% of low-mass protein ligands listed in the PDB are halogenated (694 fluorinated listed in 919 PDB records, 992/1323 chlorinated, 281/518 brominated and 110/254 iodinated). 5 Current widespread interest in elucidating the role of halogenated ligands in biological systems has been extensively reviewed, amongst others, by Voth & Ho 6 , Parisini et al. 7 , Metrangolo et al.
compounds. Overall, the hydrophobicity of the monoanionic form of the ligand appeared to be the principal factor governing its inhibitory activity. To further clarify this, and to better define the role of the individual Br atoms of TBBt, as regards potency of inhibition of CK2α, as well as to describe the thermodynamics of potential CK2a inhibitors in aqueous medium, we have prepared the two mono-, the four di-, and the two tri-bromobenzotriazoles to provide, in addition to TBBt, the 9 possible halogenation patterns of the benzene ring in benzotriazole, and to determine their physico-chemical properties, including aqueous solubility and protonation equilibria, previously shown to be relevant to inhibitory activity against human CK2α.
30,32
Furthermore, bearing in mind that the pattern of halogenation of benzotriazoles (and benzimidazoles) has been shown to modulate their inhibitory activities vs. some viruses and viral enzymes, [33] [34] [35] the present data should prove helpful in elucidation of the mechanisms involved.
EXPERIMENTAL SECTION
There are no reports on direct bromination of benzotriazole, with the exception of TBBt. 36 Preparation of bromo isomers of benzotriazole was carried out using different methods, including bromination of 2,1,3-benzothiadiazoles 37 or nitro analogues of aniline. 38, 39 The 4,5,6-tribromobenzotriazole analogue was synthesized by nitration of the appropriate bromo analogue of benzene, whereas 4,5,7-tribromobenzotriazole (4,5,7-Br 3 Bt) was obtained by decarboxylation in quinoline of parent 5-carboxy-4,5,7-tribromobenzotriazole. 30 All compounds were checked by thin-layer chromatography (TLC) on 0.2 mm Merck silica gel 60 F 254 plates. Preparative separations were carried out by column chromatography, using Merck silica gel (230-400 mesh), or on preparative glass plates (2 mm, Merck silica gel 60 F 254 ), using the following solvent systems: (A) CHCl 3 :MeOH (9:1), (B) EtOAc: n-heptan: AcOH (2:2:0.2), (C) CHCl 3 .
NMR Spectroscopy.
1 H and 13 C NMR spectra were recorded at 298K on a 500 MHz Varian spectrometer for DMSO solutions of the ligands at concentrations, depending on solubility, in the range 100 µM to 1 mM. All spectra were processed and analyzed with the aid of MestRec (version 2.3a). 40 1 H spectra were recorded in the range 0-10 ppm (24K data points) and processed using π/3-shifted squared sine-bell and zero-filling up to 32K data points prior to Fourier transformation. 13 C spectra, recorded with broadband proton decoupling in the range 0-200 ppm and 32K data points, were processed using Lorenzian filtering, resulting in 15 Hz resonance broadening followed by a π/2-shifted squared sine-bell. 
where ε(λ, pH) is the spectrum recorded at a given pH, and ε n (λ), ε a (λ) are the reference spectra for the neutral and dissociated forms. The pK a values were then estimated using the Marquardt-Levenberg algorithm 41 implemented in the Gnuplot program.
then centrifuged. The concentration of clear supernatant was estimated from the spectra recorded in the range 220-300 nm 277.87515. 
5-Bromo

1,2,3-Tribromo-5,6-dintrobenzene (9a).
A mixture of 0.5 g (1.4 mmol) of 1,2,3-tribromo-5-nitrobenzene (9) in 2 mL fuming nitric acid and 0.5 mL conc. sulphuric acid was heated at 100 ºC for 5 h. After cooling, the product was poured into a large quantity of cold water. Firefly (PC GAMESS) version 7.1. 46 Initial coordinates of TBBt were adopted from its crystal structure in a complex with maize CK2α, 47 while the structures of other halogenated Bt derivatives were built by subsequent replacement of bromine atoms in TBBt by hydrogens. All structures were preoptimized, using the semiempirical PM3 method, and then analyzed using the DFT B3LYP/6-31G(d,p) method, previously found adequate for modeling of benzotriazole derivatives. 30, 32 Corrections for solute-solvent ( ) 
RESULTS AND DISCUSSION
Synthetic procedures. 4-bromobenzotriazole (3c) and 4,7-dibromobenzotriazole (4c) (Scheme 3) were obtained via direct bromination with Br 2 of 2,1,3-benzothiadiazole (2) in 47% HBr. 37 The molar ratio of bromine to 2 was 1:1 for 4-bromobenzothiadiazole, and 3:1 for the 4,7-dibromo analogue. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The Sulfur extrusion, leading to 6b, was carried out as for 4c with NaBH 4 , but without presence of THF, in 79 % yield. It should be recalled (see above) that rapid reduction of 3a was obtained by using SnCl 2 as reducing agent. But reduction of dibromo analogues under these conditions can lead to removal of one Scheme 5
The preparation of 5,6-dibromobenzotriazole (8c, see Scheme 6) was based on an earlier report, 39 in which o-phenylenediamine (1) was tosylated to enable subsequent selective bromination, leading to formation of its 4,5-dibromo congener (8a). Removal of blocking groups gave 4,5-dibromo-ophenylenediamine (8b), ring closure of which led to 5,6-dibromobenzotriazole (8c) in 86% yield. (a) TsCl, Py, 60°C; (b) Br2, NaOAc, AcOH, 100°C; (c) H2SO4, H2O, 100°C; (d)NaNO2, AcOH, 0°C; of 8.12 differs significantly from experimental values, reported as 8.56, 32 8.67 56 and 8. 38 . 34 This deviation from the additivity scheme indicates that solvation of the parent Bt differs quantitatively from its brominated derivatives.
Figure 1
The low aqueous solubility of the neutral form of TBBt also makes pK a measurements difficult, since a high quality low-pH UV spectrum could not be recorded. In consequence the pK a values of 4.87 ± 0.22 32 and 5.1±0.3 30 were estimated for the same sample, using as reference either the noisy UV spectrum recorded at pH 2, or the spectrum recorded in methanol. An earlier pK a was estimated as close to 5. calculations of carbon nuclei shielding, using the HF/6-311G basis set, which was previously found adequate for the parent benzotriazole (1) 58, 59 and a series of its symmetrically substituted derivatives. Figure 1) . Consequently, these shielding values were used to bromine atoms attached to the peripheral locations of benzene ring (i.e. C4 and C7, see Scheme 2).
Within each group the logarithm of solubility is an almost linear function of experimentally determined values of pK a for dissociation of triazole proton. This clearly confirms that the ionic equilibrium is the significant factor influencing solubility of halogenated benzotriazoles, although other factors related to the topology of halogenation pattern must be also taken into account.
According to the LCW theory of solvation of hydrophobic molecules in aqueous medium, the free energy of solute-solvent interactions is proportional to the molecular volume of the solute molecule. 60 Thus, to a first approximation, neglecting differences in free energy of intermolecular interactions in the solid state, the logarithms of experimentally measured aqueous solubility are expected to be a linear function of solute volumes (see Figure 3B ). The question arises as to how precisely the ab initio calculations may estimate the specific solutesolvent interactions. In fact, the three-parameter log-regression model, which correctly predicts solubility of all compounds, with only a small deviation for 4-BrBt, is as follows:
interactions determined for the monoanionic state of the molecule and, consequently, by its population. As anticipated, ligands that are preferentially solvated, and largely dissociated, display higher solubility ( Figure 3C ).
Preliminary biological implications.
Inhibitory activities against CK2α were tested using the P81 filter isotopic assay. 61 The reaction mixture contained 20 mM Tris-HCl, pH 7.5, 20 mM MgCl 2 , 20 µM DTT, 20 µM peptide substrate, 0.5 mM β-glycerol, 0.1 mM EGTA, 10 µM ATP (200-300 cpm/pmol), CK2α
(0.4 µg/µl) and 50 µM tested compound. The estimated levels of reduction of enzymatic activity of CK2α were found correlated with free ligand solubilities (R 2 =0.69, see Figure 4A ) and QM-derived free energies of solvation, corrected for QM-derived energies for proton dissociation ( Figure 4B , R 2 =0.85). It is worth noting that the last correlation successfully predicts that inhibitory activity of compounds 8c
and 9c is close to that of TBBt, notwithstanding that they differ by the number of halogen atoms attached to the benzene ring. Moreover, these two simple thermodynamic parameters adequately distinguish activity of various isomers carrying the same number of bromine atoms, unequivocally confirming that hydrophobic and electrostatic interactions predominate in inhibitory activities of halogenated benzotriazoles. Figure 4 
CONCLUSIONS
Physico-chemical properties in aqueous medium were analyzed for all nine possible isomers of benzotriazole brominated on the benzene ring. Both the number and location of halogen atoms were found to substantially modulate the pK a for dissociation of the triazole proton. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 hydrophobic interactions. The variation of solution properties resulting from different patterns of halogenation clearly show that, in drug design studies on halogenated ligands, solvation of their non-bound forms can not be neglected. QM-derived free energies for solvation and proton dissociation were found reasonably good predictors of inhibitory activity. Supplementary Figures demonstrating (1) correlation between GIAO-derived 13 C shielding and experimentally measured chemical shift and (2) a complete set of NMR 13 C spectra. This material is available free of charge via the Internet at http://pubs.acs.org. 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Table 1 . Experimental values for triazole proton dissociation (pK a ) of bromo-benzotriazoles, and aqueous solubility (C w ). Included also are molar mass and number of Br atoms (0, 1 or 2) attached to the peripherial (n 4,7 ) and central (n 5,6 ) carbons of the benzene ring, molecular volumes (V mol ) of neutral and anionic forms of brominated Bt derivatives, ab initio derived free energies of proton dissociation (∆G diss ), free energies of solvation of both forms (∆G solv (neutral), ∆G solv (anion)), and relative free energies of the three possible protomers of the neutral forms (∆G 1 Table 2 . Assignments of resonance lines in the 13 C spectra of brominated benzotriazoles recorded in DMSO/H 2 O (99:1). Assignments within the potentially equivalent C4a/C7a, C4/C7 and C5/C6 resonance pairs (see Scheme 2), denoted by an asterisk, were based on GIAO-derived 13 C magnetic shielding parameters (see Supplementary Figure 2 for general correlation between experimental and theoretical data). Page 27 of 33
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